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ABSTRACT 
This project was undertaken to determine the 
effects of niobium and carbon on the properties of 
the seam welds in HSLA steels for line-pipe.  To 
relate this study to industrial practice the initial 
efforts were devoted to matching the characteristics 
of welds produced in the laboratory in carbon- 
manganese steels to those obtained with industrial 
parameters.  Effects of niobium and carbon were 
studied by varying these two elements in six test 
plates of carbon-manganese steel.  Two levels of 
carbon; 0.05% and 0.11% were used in conjunction 
with three levels of niobium <0.005%, 0.05% and 
0.12%.  Welds were made with parameters which 
corelated well to industrial practices.  Charpy 
"V" notch specimens were then removed from the 
welded plates and tested.  The resulting transition 
curves revealed that the higher carbon content welds 
displayed superior impact energy absorption versus 
temperature curves at the 27, 54 and 81 joule levels 
compared to the lower carbon weld metals.  Metallo- 
graphic samples showed the higher carbon weld to 
have much finer ferrite veining and finer bainite 
than the low carbon welds. 
The results presented here show that an 
increase in the carbon level from 0.05% to 
approximately 0.10%  in niobium steels containing 
up to 0.06% niobium will produce higher weld metal 
toughness.  This is due to the carbon shifting the 
austenite transformation to a lower temperature 
caused by the movement of the nose of the CCT diagram 
to longer times.  Which allows the Nb (C, N) to 
precipitate out in the austenite and not affect 
the strength of the ferrite. 
I.  INTRODUCTION 
The line-pipe industry has recently gone to 
controlled-rolled high-strength low alloy (HSLA) 
steel to achieve higher yield strength, increased 
1 2 impact resistance and increased weldability. ' 
More stringent pipeline standards have necessitated 
3 
these improvements.   Niobium (up to approximately 
.10 wt. pet.) is used in these steels to act as an 
austenite grain refining agent and as a precipitation 
hardening agent in ferrite.  During rolling at low 
austenite temperatures Nb (C, N) precipitates at 
dislocations and grain boundaries and acts to 
prevent recrystallization of the austenite, thus 
4-15 
resulting in a fine austenite gram size.      On 
cooling to room temperature a portion of the 
remaining niobium precipitates in the ferrite as 
Nb (C, N) and increases the yield strength of the 
ferrite.  This process results in a fine-grained 
structure with improved yield strength and notch 
toughness. 
Although niobium is beneficial in rolled plate, 
it has been reported to be a problem in welding the 
plate to form pipe.  The fabrication involves sub- 
merged arc welding which incurs high base metal 
dilution, approximately 65 to 75%.  '    Thus in the 
welding of .06% Nb plate, the weld metal could con- 
no 
tain up to .04% Nb. 
19 2 0 Hannerz   and Easterling   have found that Nb 
(C, N) precipitates in the weld metal during the 
rapid cooling to produce significant hardening and 
embrittlement of the weld metal. 
_  ,..,,18,21,22   ,  ..   13,23-28 . Sawhill and others have 
noted that niobium has a definite effect on the 
gross microstructure of the weld bead.  It is now 
believed that niobium affects the austenite trans- 
formation to produce a coarse bainite detrimental 
to the impact resistance of the weld.  Additionally 
it has been found that the weld metal toughness 
improves as the proeutectoid ferrite vein width 
23 decreases, as shown in figure 1. 
29 Garland and Kirkwood   also use a gross 
microstructure explanation for the effect of 
niobium on weld metal toughness.  They cite two 
effects of niobium on microstructure which alters 
weld toughness: 
1. Niobium will increase hardenability 
and promote a finer, tougher micro- 
structure . 
2. Niobium will promote lath martensite 
formation which reduces weld metal 
toughness. 
An additional effect is the precipitation of Nb 
(C, N) in the ferrite, which lowers weld metal 
toughness.  In general they claim that under the 
typical conditions for seam welding line-pipe these 
three effects balance one another and cause no 
change in the weld metal toughness.  If however a 
condition exists to favor one of these effects, then 
the weld metal toughness will change accordingly. 
Variables which tend to upset this balance 
are cooling rate, flux composition and weld metal 
composition.  With a constant plate size and shape, 
15 
cooling  rate is related to heat input.  Cordea 
points out that 3.0 KJ/mm may be the maximum heat 
input allowable to prevent niobium embrittlement 
of weld metal.  This corresponds to Garland and 
Kirkwood's findings that cooling rates of greater 
22 
than 10 0 seconds between 8 00 and 500 C tend to 
promote a brittle weld.  On the other hand Sawhill 
found niobium embrittlement of welds with cooling 
times of 30 seconds between 800 and 500 C.  Thus 
the relationship of cooling rate to weld embrittle- 
ment is not straight forward. 
Flux compositions also affect toughness; as 
flux basicity increases the weld metal toughness 
frequently increases since the oxygen content of 
30 the weld metal is reduced.    However Garland and 
Kirkwood found that as flux basicity increased 
the percentage of lath martensite increased, and 
the weld was embrittled.  They found that an 
amphoteric bauxite flux reduced the amount of lath 
23 
martensite and produced a tougher weld.  Hirabayashi 
31 
and Tuliane   also found that toughness of niobium 
bearing welds increased as flux basicity increased, 
17 
and oxygen content was reduced.  Jesseman   found 
that niobium up to 0.056% improved the toughness 
of carbon-manganese steel when a neutral flux 
was used that produced 300 to 500 ppm oxygen in the 
weld metal.  Jesseman's heat input was lower than 
Cordea's critical level 3.0 KJ/mm but there were no 
alloying elements other than manganese in the weld 
wire. 
Adding alloying elements to increase harden- 
ability of the weld metal through the weld Wire is 
another proposed method of increasing weld toughness. 
15 182122 This approach is supported by Cordea,   Sawhill,  '  ' 
n     i      *29        *     *.u    11,13,21-25,32,33 .  .  . .  . Garland   and others, but it is worth 
noting that Sawhill found a reduction in weld metal 
toughness in a more hardenable weld chemistry with a 
rapid cooling rate than Garland had found in less 
hardenable welds.  Therefore it appears that simply 
increasing hardenability will not insure improved 
weld bead toughness. 
Further contradictions are found in the litera- 
ture in that with similar chemistries and very low 
carbon content (less than 0.10%) different authors 
refer to the microstructure as lower bainite, upper 
33 bainite and acicular ferrite.  Pickering   and 
.,   17,18,22,24-28,34,35   . , , 
others  '     ' refer to upper and lower 
bainite in the weld while Smith   and others  '  '  ' 
speak of acicular ferrite and polygonal ferrite and 
29 24 38 Garland   and others  '   refer to lath and twinned 
martensite.  Although there is no confusion about the 
lath and twinned martensite there appears to be con- 
fusion over the designation of the structure as 
acicular ferrite or different forms of bainite at 
these low carbon levels.  Although the various terms 
imply different microstructures, frequently the 
difference is semantic rather than actual. 
Because of the wide variety of alloy compositions, 
flux compositions and welding conditions, conflicting 
results have clouded the nature of the effect of 
niobium on weld metal toughness.  Thus this study has 
concentrated on the interaction effects of carbon 
and niobium under industrial welding conditions 
to determine the effects of niobium on weld metal 
toughness and microstructure. 
II.  PURPOSE OF PROGRAM 
Niobium-bearing HSLA steels have come into wide 
use in the line-pipe industry.  During the forming 
process submerged arc welding is employed to make the 
seam weld.  The submerged arc welding process is a 
high heat input method of welding which results in 
considerable melting of the base metal and the sub- 
sequent dilution of the weld metal (up to 75%)  ' 
by the base metal. 
The HSLA steels generally have less than 0.10% 
1 2 
carbon which is considered favorable to weldability, ' 
but the addition of niobium to the weld metal through 
base metal dilution has an adverse effect on weld- 
15 toughness.    Thus though these steels may weld with- 
out hot cracking their resistance to brittle fracture 
propagation may be questionable. 
To date studies on the effect of niobium in 
weld metal have not shown conclusively whether Nb 
(C, N) precipitates and embrittles the weld or 
whether niobium shifts the continuous cooling trans- 
formation curve to yield a detrimental microstructure. 
The source of these conflicts may lie in the different 
flux compositions, heat inputs, plate sizes, wire 
chemistries and plate chemistries utilized.  Each 
finding is likely valid only for its own particular 
set of parameters.  If the differences between the 
various studies can be related to the effects they 
produce, it should be possible to develop a more 
basic understanding of how to control weld metal 
toughness. 
This program has been designed to study the 
effects of carbon and niobium levels in the material 
to be welded.  Six heats were cast and hot rolled to 
a 12.7 mm thickness by United States Steel Corporation 
for use in this project.  The plate chemistries shown 
in Table 1 were developed to have two carbon levels 
each with three levels of niobium with all other 
elements held constant.  Weld wire supplied by Climax 
Molybdenum, (Table 1) was made to a low sulfur content 
with no alloying elements other than carbon, manganese 
and silicon.  The wire was drawn to 3.2 mm diameter by 
Union Carbide Linde Division.  Two fluxes (Linde 166P 
and Linde 85, compositions shown in Table 2) were 
supplied by Linde.  These fluxes were chosen because 
166P was developed to produce lower oxygen content 
in the weld metal and 8 5 is a flux commonly used in 
industry for line-pipe seam welding. 
Industrial welding parameters were obtained 
from manufacturers for the seam welds of 12.7 mm 
wall line-pipe.  Then weld metal cooling rate, hard- 
ness, bead size and impact transition temperature 
curves obtained with industrial parameters were re- 
produced by adjustment of the laboratory welding 
conditions. 
Once the welding parameters were established 
"the test welds were made and examined for toughness, 
hardness and microstructure.  The intent was to relate 
hardness, microstructure and toughness of the weld 
metal to its carbon and niobium content. 
III.  DESCRIPTION OF EQUIPMENT 
All welding equipment used in this project was 
donated by Union Carbide Linde Division.  The power 
supplies were Linde CAC 1000 transformers wired 120 
out of phase to two USC-4 voltage controls.  Wire 
feeders were SH-2 type geared to 19 rpm for use with 
4 mm wire.  The flux feeder was the standard gravity 
feed hopper type attached to the welding nozzle. 
Instead of moving the welding head as is usually done 
the plates being welded were traversed past the 
stationary torch.  This was accomplished using a Bug 
0 governed-speed motor and a carriage constructed in 
the welding laboratory. 
Mechanical testing was performed with a Satic 
Systems Impact Tester calibrated July 1975. 
Diamond pyramid hardness indentations were made 
on a Tukon Tester at 20X magnification and 5 kgm 
load.  Photomicrographs were made with a Zeiss 
Axiomst metallograph and Pollaroid type 55 positive/ 
negative film. 
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IV.  PROCEDURE 
Initial welding techniques were developed on 
12.7 mm thick plates and low carbon-manganese wire. 
Early in the development period it was dis- 
covered that two wire welding on a 38 cm long sample 
would be next to impossible at a travel speed of 2.8 
cm/sec.  The weld required only 13.6 seconds which 
allowed too short a time period to adjust two voltage 
and two amperage settings so that enough length of 
weld would be completed under constant conditions. 
Therefore the attempt was made to duplicate 
industrial two-wire welding results in the laboratory 
by means of a single-wire technique.  Industrial 
parameters were supplied by Bethlehem Steel Corporation 
through Homer Laboratories and welds were made by them 
on sections of 12.7 mm thick plates cut to 15.25 cm by 
61 cm.  On smaller sections of the same plate the 
laboratory welds were made with identical wire and 
flux.  With the sample weld made at Homer Laboratory 
as a model, a series of experimental welds were made 
to match cooling rate, hardness, bead size and impact 
transition temperature curves.  Measurements of 
cooling rate were obtained by inserting a chromal- 
alumel thermocouple into the molten weld metal pool 
39 directly xn back of the torch.    The thermocouple 
had previously been calibrated to a Hewlett Packard 
7000A X-Y recorder in molten baths of pure lead, 
copper and aluminum which covered the temperature 
range of 800 to 500 C.  This stage of the investigal 
was completed before the special wire was delivered 
11 
Unfortunately when the special wire arrived the diameter 
was 3.2 mm and could not be used at the current 
setting desired  due to the maximum feed rate of our 
wire feed motors and the wire current carrying capacity. 
Once again Homer Laboratory provided us with a 
weld which we could try to duplicate with one 3.2 mm 
diameter wire.  This second weld by Homer Laboratory 
was required, because industrial welding is normally 
performed with 4 mm wire.  Since no 3.2 mm wire was 
available of the same composition as the 4 mm wire 
used in the first weld a weld of a composition that 
could be matched with available 3.2 mm wire was needed. 
By further experimentation bead size, hardness and 
impact transition temperature curves were matched. 
The dimensions of the as-rolled plates were 
1.27 cm thick, 30.5 cm wide, and 152 cm long.  They 
were cut into test plates 38 cm long and 15 cm wide. 
A 3.2 mm deep 90  included angle "V" groove was machined 
on the centerlines of both sides of the plate.  It was 
decided that this size would facilitate handling and 
not influence the results significantly.  The surfaces 
to be welded were then ground clean of oxide scale re- 
maining from rolling.  Welding was performed at 700 
amps, 41 volts and 1.27 cm/see.' travel speed, with 2.86 
cm electrode stick out distance and Linde flux. 
The completed welds were sectioned for mechanical 
test specimens, metallography and chemical analysis.  The 
analysis were run on samples from the center of the 
second bead.  Mechanical testing was limited to Charpy 
"V" notch specimens broken at temperatures between 100 C 
and -50 C.  Charpy specimens were cut from the weld as 
12 f* 
shown in Figure 2 with the notch perpendicular to the 
plate surface and located primarily in the second bead. 
This was a consequence of the weld configuration, since 
the second bead was always deeper by virtue of its 
overlap of the first bead.  Metallographic specimens 
were used to determine second bead hardness, percent 
ferrite  '   and bead area.  An average of six hardness 
indentations were randomly located in the second bead. 
The percent ferrite was determined at 100 X magnification 
with a 100 point grid on three representative areas of 
the second bead.  Bead area was measured by a trans- 
parent grid, and coverted to the S.I. system. 
13 
V.  RESULTS 
Initially two flux compositions, Linde 166P 
and Linde 85, were to be employed in the study.  However 
during the initial attempts to weld at 2.8 cm/sec. it was 
discovered that the 166P grade produced undercutting and 
an unsatisfactory weld.  Figure 3 compares welds produced 
with Linde 166P versus Linde 8 5 at the same travel speed 
and current settings.  It is evident that 166P not only 
produces undercutting, but also has insufficient pene- 
tration.  Since those steps necessary to improve pene- 
tration other than reducing travel speed would lead to 
further undercutting, reduction of travel speed is 
undesireable from an economic standpoint.  Thus it was 
decided to abandon Linde 166P and to use only the 
Linde 8 5 grade. 
Once Linde 8 5 was established as the flux to be 
used, the parameters development program was begun. 
This program consisted of welding 1.27 cm by 30.5 cm 
by 152 cm plates with one 4 mm wire to match the production 
weld (no. 4 in table 3 which is a two wire weld) made with 
industrial parameters at Homer Laboratory.  Results of 
the test series are shown in table 3 and figure 4.  The 
parameters selected were 800 amps, 33 volts, 1.27 cm/sec 
travel speed, 2.86 cm electrode stick out distance and 
Linde 85 flux.  Comparison of impact transition tempera- 
ture curves for the two wire versus the one wire weld are 
shown in figure 5.  Weld bead hardnesses were DPN 171 for 
the two wire weld and DPN 161 for the one wire weld. 
39 Measurement of cooling rates   was accomplished by 
lancing a chromel-alumel thermocouple into the weld bead 
behind the arc.  Cooling rate for the two wire weld was 
11.7 C/sec as opposed to 12.5 C/sec for the one wire weld 
14 
between 800 and 500 C.  The difference in these 
cooling rates is too small to cause any noticeable 
change in microstructure. 
Figure 5 provides a comparison of the micro- 
structures of a two 4 mm wire weld and a one 3.2 mm 
wire weld.  Figure 6 is a comparison of impact transi- 
tion temperature curves for both welds showing a 27 
joule transition temperature difference of less than 
10 C.  Since the hardness of the two wire weld was DPN 
16 3 and the one wire weld was DPN 171, it was felt that 
cooling rates were sufficiently similar as in the 
previous case.  To achieve these results the one wire 
weld was made using 700 amps, 41 volts, 1.27 cm/sec travel 
speed, an electrode stick out distance of 2.86 cm and 
Linde 85 flux. 
Once the welding parameters were set the welding 
program could begin on the HSLA steel plates.  Welds 
were made with the previous parameters and the resulting 
welds were then sectioned for mechanical properties, 
chemical analysis and microstructural analysis. 
Weld bead compositions are shown in table 4. 
It can be seen that although oxygen content is high it 
is essentially uniform.  With the exception of silicon 
all other elements are either consistent in percentage 
composition or vary such as carbon and niobium in the 
desired manner.  The cause of the high oxygen content 
23 is the low basicity of the flux   which permits re- 
actions of silicon dioxide with the weld metal man- 
ganese and leads to an increase of both silicon and 
oxygen in the weld.  In the mechanical testing Charpy 
"V" notch specimens were broken over a temperature range 
15 
of 100 C to -50 C.  The impact transition temperature 
curves are shown in figure 8 through 10.  In each 
figure the low carbon and high carbon welds of equal 
niobium content are plotted to demonstrate the effect 
of carbon on the transition temperature curves at each 
niobium level.  Figure 11 is a plot of the 27 joule 
transition temperature versus the niobium content of 
the weld metal for both carbon levels.  Except for the 
lowest niobium weld metal the higher carbon weld metal 
exhibited a lower transition temperature at 27, 54 and 
81 joules energy level.  Unexpectedly the weld metal 
toughness as measured by transition temperature in- 
creased as the carbon content increased for the levels 
of niobium dilution tested. 
Metallography was performed on representative 
weld bead cross sections from both ends of the welds. 
Photomicrographs of the welds appear in figure 12 
through 17.  These photomicrographs are coupled to 
compare welds of two carbon levels at a given niobium 
dilution.  The first three figures 12 to 14 are 100 X 
magnification photographs showing both the extent of 
ferrite veining and the accompanying bainitic structure. 
Note as the carbon level changes the ferrite veining is 
less and the vein width is narrower.  Also the bainite 
appears finer.  As the niobium level increases the 
ferrite veining is less and the veins are narrower and 
again the bainite appears finer.  The effect of grain 
refinement can be seen more clearly in figures 15 
through 17 which are taken at a 500 X magnification. 
Note that the weld toughness declines even as the 
percent and width of proeutectoid ferrite decreases and 
the amount of bainite increases and that this occurs in 
16 
both low and high carbon welds.  Further note that 
weld number 8075 has a higher niobium content, 
lower carbon content and the essentially same per- 
cent ferrite as weld 8077 and yet has a higher 
impact transition temperature. 
Weld bead hardness and percent ferrite appear 
in table 5 along with chemical and mechanical data. 
Hardnesses were computed as the average of six in- 
dentations made in the second bead with a 5 kgm load 
using a Tukon Hardness Tester.  Notice in table 5 
that the 0.05% carbon low niobium weld metal is 
softer "than the 0.10% carbon weld metal by 7 DPN. 
This seems significant since in the other two 
niobium levels 0.05% carbon weld metal is harder than 
the 0.10% carbon composition. 
Note if the low niobium welds are taken as a 
base line then the 7 DPN should remain as the re- 
lative difference in hardness for the .09% carbon weld 
and any difference in relative hardness would be due 
to Nb (C, N) precipitation.  It is interesting to note 
that the hardnesses of the two niobium welds contain- 
ing 0.05% carbon are higher than the 0.09% carbon 
material even though the higher carbon has a lower 
percent ferrite.  This would indicate some degree 
of Nb (C, N) precipitation in the ferrite, thus 
resulting in the harder structure. 
Determination of percent ferrite was made 
using 100 point grids at three locations in the weld 
at 100 X magnification.  These values also appear in 
table 5.  The effect of increasing niobium in the 
weld deposit seems to be to decrease the percent 
17 
ferrite at both carbon levels. 
These results were unexpected in that the high 
carbon weld metal was tougher and softer than the 
low carbon weld metal.  This necessitated a 
duplication of the first series of high carbon welds, 
The impact transition temperature and hardness data 
were identical to the first experiment.  Therefore 
it is felt that the additional tests substantiates 
the validity of the results as reported. 
18 
VI.  DISCUSSION 
Prior to discussing the interaction of carbon 
and niobium on weld bead toughness it appears 
necessary to make two points regarding the results 
and applicability of the conclusions which will be 
developed.  First tests were conducted on a one wire 
weld made with 3.2 mm diameter wire which is not a 
practice commonly used in industry.  But in the 
parameter development done for this program the weld 
bead dilution, cooling rate, hardness, bead size and 
impact transition temperature curves were all shown 
to duplicate the two wire industrial practice. 
Second the oxygen content of the experimental welds 
was high in the range of 6 00 ppm but it did tend to 
be uniform.  The implication here is that all the 
welds suffered a detrimental influence to the same 
degree.  This high oxygen content was caused by the 
22 flux composition chosen. If Zeke's   forumla for flux 
23 basicity is applied to Linde 85 and Hirabayashi's 
relationship of flux basicity to weld oxygen content 
is also applied, an oxygen content of 600 ppm would 
be expected.  At higher travel speeds such as 2.8 cm/sec 
lower oxygen in the range of 200 ppm are possible. 
Thus, with the toughness of these welds uniformly 
lowered by the oxygen content it seems valid to assume 
that the differences in toughness are due to the 
variations in carbon and niobium. 
Two theories exist as to the reason for niobium 
19 2 0 
embrittlement of weld metal.  Hannerz   and Easterling 
have found that Nb (C, N) precipitated in the ferrite 
after the austenite to ferrite transformation results 
19 
in an increase in tensile strength and a reduction in 
toughness.  They claim that the Nb (C, N) precipitates 
and locks dislocations in place, thus preventing 
recovery of the ferrite grain leading to, "severe 
internal stresses". 
Sawhill18,21'22 and others13'23,29 found that 
the effect of niobium on weld toughness was not due 
to precipitation in the ferrite but rather to its 
effect on the gross microstructure.  More precisely, 
as weld metal hardenability was increased and the 
amount of proeutectoid ferrite decreased the toughness 
of the weld bead should increase.  It is known that 
the morphology of the weld bead has a direct effect 
on toughness and that the larger the ferrite grain 
42 43 
size the lower the toughness.  '    There appears 
however to be a disagreement in the literature as 
to whether bainite or acicular ferrite is promoted 
by niobium.  It appears that bainite is the better 
explanation for weld metal embrittlement. 
The effect observed in this study is illustrated 
in table 1 and figures 12 through 17.  With the two 
welds containing less than 0.005% niobium as base 
lines for comparing hardness, impact transition 
temperature and percent ferrite, the differences 
caused by the two carbon levels are evident.  Thus, 
for the 27 joule transition temperature it appears 
the two weld metal compositions are identical at 
-10 C.  The hardness of the low carbon weld is DPN 
165 as against a DPN 172 for the high carbon weld. 
This 7 DPN difference can be regarded as due wholly 
to the difference in carbon content.  The low carbon 
weld contains 61% ferrite compared with 57% in the 
20 
high carbon weld. 
With the introduction of 0.028% niobium the 
hardness of the low carbon weld exceeded the high 
carbon weld by 9 DPN, a reversal in relative hard- 
ness of 16 DPN.  It should also be noted that the 
hardness increased 32 and 16 DPN respectively in 
the low and high carbon weld.  This occurred despite 
the fact that the low carbon weld displayed a 52% 
ferrite against a 46% ferrite for the high carbon 
weld.  It is possible that, the low carbon weld 
experienced a greater amount of precipitation 
hardening due to Nb (C, N) than did the high carbon 
weld.  Interestingly the 27 joule transition 
temperature for the high carbon weld is -10 C 
while the low carbon weld was +12 C a 22 C difference. 
The greater hardness with higher percent ferrite and 
higher transition temperature suggest Nb (C, N) 
precipitation and embrittlement similar to Hannerz's 
findings. 
At a niobium content of 0.06% the low carbon 
weld again was harder, this time only by 4 DPN.  With 
the 7 DPN basic difference in hardness, the relative 
change was 11 DPN and the overall rise was 4 9 DPN. 
The low carbon weld contained 45% ferrite in contrast 
to the 35% ferrite in the high carbon weld, but it 
displays a higher hardness and higher transition 
temperature (this time by 25 C).  The behavior of 
these welds may be associated with appreciable Nb 
(C, N) precipitation hardening.  The results of this 
19 
weld also point to Hannerz   view of Nb (C, N) em- 
brittlement . 
21 
It appears that the low carbon welds are more 
susceptible to Nb (C, N) precipitation than the high 
carbon welds.  Further from figures 12 through 14 it 
can be seen that the proeutectoid ferrite vein width 
decreased as niobium increased and as carbon increased. 
It is expected that the proeutectoid vein width will 
decrease with addition of hardenability elements. 
44 45 Since carbon increases hardenability,  '   this effect 
is expected.  Niobium if in solution in austenite 
will also increase hardenability and thus reduce 
proeutectoid vein width.  Toughness, according to 
many investigators, increases as proeutectoid vein 
width is decreased.  This is not the case in either 
the low or high carbon welds.  It appears these 
results are not wholly in agreement with the gross 
microstructural argument.  In addition toughness 
should increase as the bainite becomes finer but 
from figure 15 through 17 it can be seen that the 
bainite is refined both by higher niobium and higher 
carbon, although toughness continually declines. 
These results pose several questions: 
1. Why does the low carbon weld metal 
show higher hardness then the high 
carbon weld metal? 
2. Why is the weld structure with the 
thinner proeutectoid ferrite veins 
less tough than that with the thicker 
veins? 
3. Why does the finer bainite not yield a 
greater toughness? 
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The answer to the last two questions may be 
that the precipitation hardening effect is over- 
riding the effect of the gross raicrostructure. 
The first question is more interesting and 
somewhat more complicated.  It is known that when 
Nb (C, N) precipitates in austenite it will not be 
effective in strengthening the ferrite after the 
46 
austenite to ferrite transformation.    If this 
is happening in the higher carbon weld metal, the 
amount of hardening due to Nb (C, N) precipitation 
would be reduced.  In the low carbon steel the 
austenite to ferrite transformation occurs at 
shorter times      and higher temperatures leaving 
more niobium in solution to precipitate in the 
ferrite after transformation.  The result is a 
higher stressed structure due to Nb (C, N) locking 
of dislocations.  An indication of the shorter 
time to transformation and high temperature of 
transformation of austenite to ferrite appears in 
figures 12 through 14 where the lower carbon welds 
have wider proeutectoid ferrite veins.  This is due 
to a higher transformation temperature which permits 
longer times at higher temperatures after trans- 
formation for grain growth. 
23 
VII.  CONCLUSIONS 
A two-wire industrial weld can be duplicated 
in the laboratory using a one-wire weld. 
Carbon up to 0.10 wt. pet. is an effective 
hardenability agent for the increase in 
toughness of niobium bearing weld metal. 
Weld metal embrittlement experienced in these 
tests is due to Nb (C, N) precipitation after 
the austenite to ferrite transformation. 
The refinement of microstructure in niobium 
bearing weld metal is not a primary source of 
increased toughness.  Refinement of the micro- 
structure is due to increased hardenability 
which causes a lower temperature austenite 
transformation, resulting in Nb (C, N) pre- 
cipitation in the austenite prior to trans- 
formation.  This prevents it from forming an 
embrittling structure after transformation. 
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o 
2 
< 
u. 
55 
o 
10 
-10 
-20 
-30 
-40 
o      -50 
-60 
-70 
-80 
-90 
Base Steel 
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w:   Width of   Proeutectoid   Ferrite   (mm) 
Figure 1  Hirabayashi's Relationship Width of 
Proeutectoid Ferrite of Weld Metal and 
50% FATT in Charpy Test 
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SECOND   BEAD 
LOCATION  OF 
CHARPY UV" NOTCH 
/ 
FIRST   BEAD 
"7 
LOCATION  OF 
CHARPY  SPECIMEN 
Figure 2  Charpy Orientation in the Test Weld 
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(a) Weld No.2  Lead arc: 900 Amp.Trail arc: 600 Amp, 
Travel Speed: 65 ipm  L-166P flux    5 diam.. 
VW 
■ M0** TA 
(b) Weld No.4  Lead arc: 900 Amp.Trail arc: 600 Amp, 
Travel Speed: 65 ipm  L-85 flux     5 diam. 
Figure 3  Cross Sections of Trial Two-Wire Welds 
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(a) One-wire weld. 800 A, 33 V, 30 ipm, (Linde 80 wire) 
(b)  Two-wire weld. Lead wire: 900 A, 35 V, 65 ipm 
Trail wire: 600 A, 40 V. (Linde 80 
wire) 
Figure 4  Macrostructures of one-wire and two-wire welds 
produced with 5/32-inch electrode. 
33 
180 
160 
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TEMPERATURE  °C 
20 W 
Figure 5  Charpy Impact Results: one-wire weld vs 
two-wire weld 
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a.  One wire weld. 700A, 41 V, 30 ipm. (1/8-inch wire) 
b.  Two-wire weld.  Lead wire: 900A, 35 V, 65 ipm. 
Trail wire: 600A, 40 V, (both 5/32- 
inch wire) 
Figure 6  Macrostructures of welds produced with one-wire 
1/8-inch wire and two-wire 5/32 inch wires, 
Lincoln 60 composition 
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Figure 7  Charpy Impact Results one-wire 1/8" Dia. vs 
two-wire 5/32 Dia. weld 
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Figure 8  Charpy transition temperature data for welds 
8073 (.055%.C,<.005%. Nb) and 8076 (.10%C, 
<.005% Nb) 
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TEMPERATURE   °C 
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100 
Figure 9  Charpy transition temperature data for welds 
8074 (.045%c, .028% Nb) and 8077 (.10%C, 
.029% Nb) 
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Figure 10  Charpy transition temperature plot for welds 
8075 (.44%C, .060%Nb) and 8078 (.093%C, 
.057% Nb) 
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Figure 11 Effect of Nb on the transition temperature 
of weld metals of 0.05 and 0.10% carbon 
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Weld Deposit 8073 
100 diam. 
0.055%C  <0.005 Nb 
Ammonium persulfate etch 
Weld Deposit 8076    0.10%C   <0.005 Nb 
100 diam Ammonium persulfate etch 
Figure 12  Weld Metal Microstructures 
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Weld Deposit 8074 
100 diam. 
0.045%C   0.028% Nb 
Ammonium persulfate etch 
Weld Deposit 8077 
100 diam. 
0.10%C   0.029% Nb 
Ammonium persulfate etch 
Figure 13  Weld Metal Microstructures 
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Weld Deposit 8075 
100 diam. 
0.044%C     0.060% Nb 
Ammonium persulfate etch 
Weld Deposit 8078 
100 diam. 
0.093%C    0.057% Nb 
Ammonium persulfate etch 
Figure 14  Weld Metal Microstructures 
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Weld Deposit 8073 
500 Diam. 
0.055%C <0.005 Nb 
Ammonium persulfate etch 
Weld Deposit 8076 
500 Diam. 
0.10%C   <0.005 Nb 
Ammonium persulfate etch 
Figure 15  Weld Metal Microstructures 
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Weld Deposit 8074 
500 diam. 
0.045%C    0.028% Nb 
Ammonium persulfate etch 
Weld Deposit 8077 
500 diam. 
0.10%C   0.029% Nb. 
Ammonium persulfate etch 
Figure 16  Weld Metal Microstructures 
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Weld Deposit 8075 
500 diam. 
0.044%C     0.060% Nb 
Ammonium persulfate etch 
Weld Deposit 8078   0.093%C     0.057% Nb 
500 diam. Ammonium persulfate etch 
Figure 17  Weld Metal Microstructures 
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